Purpose To evaluate whether the morphology of the sperm midpiece observed by high magnification microscopy relates to sperm centrosomal function. Methods Sperm selected by conventional microscopy were defined as controls. By high magnification microscopy, sperm with straight midpieces were defined as Group 1, while those with tapering midpieces were defined as Group 2. Heterologous ICSI of human sperm into bovine oocytes was used to assess human sperm centrosomal function and analysis of sperm aster formation. Results The total rate of sperm aster formation was 80.5% in Group 1, which was significantly higher (P<0.05) than the rate of 33.3% seen for Group 2. Furthermore, sperm aster formation rates tended to be higher for Group 1 than for the controls. Conclusions This study demonstrates improvement of sperm aster formation rates by selecting sperm on the basis of midpiece morphology. The injection of selected sperm bearing morphologically straight midpieces may contribute to improved expression of sperm centrosomal function, providing a positive effect on fertilization after ICSI.
Introduction
During most mammalian fertilization except for rodents, the centrosome derived from the sperm is used in the first cell cycle to organize the radial array of microtubules comprising the sperm aster [1, 2] . In human ICSI, aberrant microtubule organization in "fertilization failure eggs" suggests that centrosomal dysfunction may be a cause of fertilization arrest [3] . Therefore, the sperm centrosomes play a crucial role in mammalian fertilization [4, 5] .
Using heterologous ICSI of human sperm into bovine oocytes to assess human sperm centrosomal function [6, 7] , we reported human infertility due to the poor sperm centrosomal function [7, 8] . Globozoospermia is a special feature of teratozoospermia, characterized as round head, lack of acrosome and acrosomal enzymes, and disorganized midpiece [9, 10] . Dysplasia of the fibrous sheath (DFS), a rare form of teratozoospermia, results in infertility. DFS sperm, which are immotile due to deformities from midpiece to tail [4, 11] also exhibit sperm centrosomal dysfunction; both of these abnormalities may be causes of infertility [8, 12] . These findings suggest that a morphologically abnormal sperm midpiece is related to abnormal centrosomal function.
Therefore, developing a treatment for infertility resulting from poor human sperm centrosomal function would provide to be a novel strategy of assisted reproductive technology (ART).
Microinjection with motile sperm strictly selected by high-power magnification (Light microscope: 1,000×, Computer analysis with digital zoom: 6,000× ) and Nomarski differential interference contrast (DIC) optics, called intracytoplasmic morphologically selected sperm injection (IMSI), improves pregnancy rates in couples with repeated ICSI failure [13] . Current reports examining IMSI focused on the selection of sperm based on head morphology [14, 15] . We focused on the shape of the sperm midpiece, which contains the sperm centrosome.
We determined if sperm with excellent centrosomal function could be selected using criteria established by high magnification microscopy. We examined sperm aster formation after injecting human sperm into bovine oocytes following selection by high magnification microscopy. This study sought to verify if microinjection of sperm selected by midpiece characteristics in IMSI resulted in improved sperm centrosomal function.
Materials and methods
All procedures were performed with the approval of an internal review board of Tohoku University School of Medicine.
In vitro maturation of bovine oocytes Bovine ovaries were obtained from a local slaughterhouse. Oocytes, recovered by aspiration from 2-8 mm follicles, were matured for 22-24 h in Medium 199 (M199; Gibco, Grand Island, NY) supplemented with 10% (v/v) fetal calf serum (FCS; Gibco), 0.12 IU/ml FSH (Antrin, Denka Pharmaceutical, Kanagawa, Japan), and 50 ng/ml recombinant human epidermal growth factor (Upstate, Lake placid, NY) at 38.5°C under 5% CO 2 in air.
Cumulus cells were removed by a brief incubation with 1 mg/ml collagenase (Sigma, St. Louis, MO, USA) and 2 mg/ml hyaluronidase (Sigma) in M2 culture medium (Sigma). Oocytes paused at the second meiotic metaphase were selected for ICSI.
Human sperm preparation
Surplus sperm from three fertile donors who provided their informed consent were frozen in TEST-yolk buffer (Irvine Scientific Co., Santa Ana, USA). Sperm samples were thawed at room temperature and washed in modified HTF medium (Irvine Scientific) supplemented with 10% serum substitute supplement (Irvine Scientific). Following centrifugation at 500×g for 5 min, the sperm pellet was resuspended in modified HTF medium.
Selection of sperm with straight or tapering midpieces observed by high magnification microscopy Motile sperm selected by conventional microscopy (400×; 40× dry objective lens) were used for IMSI. These sperm were classified into two groups based on midpiece shape as determined by microscopy using Nomarski differential interference contrast (DIC) optics under high magnification ( Fig. 1. 1,000× ; 100× oil objective lens). By using high magnification microscopy (1,000×), it was midpiece thickness that we were able to distinguish it clearly as far as we observed it. Control sperm were selected by conventional microscopy. Group 1 was comprised of sperm with straight midpieces, as determined by high magnification microscopy. Group 2 Fig. 1 a Sperm with straight midpieces were selected by high magnification microscopy (Group 1). b Sperm with tapering midpieces were selected by high magnification microscopy (Group 2). c The sperm did not fulfill the criteria of either a or b was defined as "other". In addition, sperm with vacuoles within the sperm head were excluded from this study contained sperm with tapering midpieces as selected by high magnification microscopy. To define the difference between Group 1 and Group 2, we measured proximal and distal diameter of sperm midpiece. As shown in Fig. 2 , Group 1 was defined when the value of proximal diameter/distal diameter is between 1 and 1.2, and Group 2 when the value is more than 1.5. A ratio of 1.5 served as an indicator to recognize the increased thickness of the midpiece by high magnification microscopy. Sperm that did not fulfill the requirements for either Group 1 or Group 2 were excluded (Figs. 1, 2 ). In addition, to remove influence by the vacuole of the sperm nucleus, sperm with normal shaped nucleus observed by high magnification microscopy, was chosen. Sperm with vacuoles within the sperm head were excluded from this study.
ICSI with human sperm using a Piezo-micromanipulator into bovine oocytes After selection and immobilization with a piezomicromanipulator (MB-U; Prim Tech, Tsuchiura, Japan), sperm were loaded into a pipette. The zona pellucida was penetrated using piezo pulses. After expulsion of the segment of zona pellucida within the pipette, the immobilized sperm were moved to the tip of the injection pipette. The pipette was inserted into the ooplasm as the oolemma was punctured by the application of one piezo pulse. The sperm at the tip of the pipette was injected into the ooplasm with a minimal amount of sperm suspension medium.
After injection, oocytes were cultured at 38.5°C in M199 medium supplemented with 10% FCS under 5% CO 2 in air. Oocytes were fixed 6 h after microinjection.
Each experiment was performed at least three times and all sperm selection was always performed by same observer.
Immunocytochemical detection of microtubules and DNA Zonae pellucidae were removed from oocytes using 0.75% protease (Sigma) in M2 culture medium. After a 15 min recovery at 38.5°C, zona-free eggs and zygotes were extracted for 15 min in buffer M (25% [v:v] glycerol, 50 mM KCl, 0.5 mM MgCl 2 , 0.1 mM EDTA, 1 mM EGTA, 50 mM imidazole hydrochloride, and 1 mM 2-mercaptoethanol, pH 6.8) containing 5% methanol and 1% Triton X-100 detergent. Samples were then fixed in cold methanol for 10 min as described by Simerly and Schatten [16] . Oocytes were permeabilized overnight in 0.1 M PBS containing 0.1% Triton X-100.
Microtubules were labeled with a mixture of anti-β tubulin monoclonal antibodies (clone 2-28-33; diluted 1:100; Sigma) and anti-acetylated α tubulin antibodies (clone 6-11-B1; diluted 1:100; Sigma). Fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse immunoglobulin G (diluted 1:40; Zymed, San Francisco, CA) served as a secondary antibody. DNA was detected by staining with 10 μg/ml Hoechst 33342. Coverslips, mounted in anti-fade medium (Vectashield; Vector Labs., Burlingame, CA), were examined using a Leica DMRXA/ HC (Leica Microsystems, Heidelberg, Germany) epifluorescence microscope.
Transmission electron microscopy of sample sperm Sample sperm were fixed in 2.5% glutaraldehyde followed by 1% osmium tetroxide. The pellet was embedded in Epon Araldite and thin sections were examined and photographed in electron microscope.
Statistics
Sperm aster formation rates for the groups were compared using the chi-square test. P values less than 0.05 were considered to be statistically significant.
Results
Sperm population of straight-shaped midpiece (Group 1) and tapering-shaped midpiece (Group 2)
We showed three images (a-c) display the same sperm under different visualization conditions (Fig. 3) . Using normal magnification microscopy, it was difficult to observe the structure of the midpiece in detail. Using high magnification microscopy, however, we were able to clearly observe small differences in midpiece morphology.
The sperm populations of three fertile donors are shown in Table 1 . In sample 1, 16 out of 101 (15.8%) sperm were categorized in Group 1, while 21 of 101 sperm (20.8%) were classified as Group 2. In sample 2, 13 (12.4%) and 12 (11.4%) of 105 sperm were classified as Groups 1 and 2, respectively. In sample 3, Of 102 total sperm harvested, 17 (16.7%) and 14 (13.7%) were categorized to Groups 1 and 2, respectively. Fig. 2 The sperm midpiece proximal diameter/distal diameter value showed between 1 and 1.2 was defined Group 1, and showed more than 1.5 was defined Group 2. a proximal diameter b distal diameter Microtubule organization and chromatin configuration in bovine eggs following ICSI with human sperm
We examined the microtubule organization and chromatin configuration in bovine oocytes after ICSI. Six hours post-ICSI, oocyte activation was recognized in all bovine oocytes and the sperm aster was organized with microtubules elongating throughout the cytoplasm until contacting the developing female pronucleus, concurrently with decondensation of the male pronucleus (Fig. 4) . On the other hand, some cases lacked of sperm aster formation from human sperm centrosome in bovine oocytes, even the oocyte activation and sperm pronucleus decondensation (Fig. 5) .
Sperm aster formation rate
The results of sperm aster formation are summarized in Table 2 . For the sperm from sample 1, the sperm aster was organized in ten of 12 (83.3%) injected eggs for Group 1, but only four of 18 (22.2%) injected eggs for Group 2. For the sperm from sample 2, the sperm aster was organized in 15 of 18 (83.3%) and eight of 17 (47.1%) injected eggs from Groups 1 and 2, respectively. For the sperm from sample 3, the sperm aster was organized in eight of 11 (72.7%) injected eggs of Group 1, but only four of 13 (30.8%) injected eggs for Group 2.
The sperm aster was organized in 39 out of 56 (69.6%) injected eggs for the control group. These results gave total sperm aster formation rates of 80.5% for Group 1 and 33.3% for Group 2, demonstrating significantly higher sperm aster formation rates for Group 1 in comparison to Fig. 4 We visualized microtubule (green) and chromatin (blue) configurations in bovine oocytes after ICSI of human sperm into bovine oocytes using a piezo-driven pipette. Six hours post-ICSI, oocytes were fixed; microtubules and chromatin were visualized by immunoflurescein staining. A radial array of microtubules (arrow, sperm aster) was organized from the sperm centrosome. Fpn, Female pronucleus; Mpn, male pronucleus. Bar: 20 μm Fig. 3 These three images (a-c) display the same sperm under different visualization conditions. It is difficult to distinguish the differences in midpiece morphology by conventional microscopy of 400× or 600× (a, b). High magnification microscopy of 1,000× (c) makes it possible to observe differences in midpiece morphology clearly Group 2 (P<0.05). In comparison to controls, the sperm aster formation rates were higher for Group 1 sperm.
Analysis of transmission electron microscope of sperm midpiece morphology
By using electron microscopy, comparison between straight midpieces (Group A) and tapered midpieces (Group B) recognized disaligned mitochondria and vacuolar structures in the second group. On the other hand, as far as we observed, the clear deference was not observed in centrosome structures of both. (Fig. 6) 
Discussion
According to the examination of microtubule organization and DNA configuration in fertilization failure human oocytes after ICSI by Rawe et al. [3] , 20% of oocytes arrested at pronuclei apposition due to lack of a sperm aster. This report indicates that proper sperm centrosomal function (sperm aster formation) is essential for fertilization [17] . We have generated a novel assay of human sperm centrosomal function using heterologus ICSI of human sperm into bovine oocytes. Sperm aster formation rates of fertile human sperm injected into bovine oocytes averaged approximately 60.0% [6] . We have reported two cases of infertility in patients with defective sperm centrosomal function; one was a case of globozoospermia [7, 18] , while the other was a case of DFS [8, 12] . For both patients, the rate of sperm aster formation was lower than that of sperm Fig. 6 The ultra-structure of the sperm midpiece by electron microscopy. As compared straight midpieces (Group A) to tapering midpieces (Group B), mitochondria disalignment and vacuole structures around midpieces were recognized in the latter. On the other hand, as far as we observed in an electron microscopy, clear difference was not observed in centrosome structures of both. a Sperm with straight midpieces (Group A). b, c Sperm with tapering midpieces (Group B) from fertile men and abnormal midpiece shape was also observed in the disorganized centrosome. These findings suggest that a morphologically abnormal sperm midpiece is related to abnormal centrosomal function. We attempted to restore defective sperm centrosomal function for the sperm from the patient with DFS by chemical manipulation of gametes. Complicated chemical manipulation of gametes, however, could not reverse the defect in DFS sperm, which exhibit a congenital lack of normal sperm centrosomes [12] . Thus, a novel strategy is needed to treat sterility associated with poor sperm centrosomal function.
Bartoov et al. recently developed a new method, motile sperm organelle morphology examination (MSOME) with high magnification microscopy. Morphologically normal sperm nuclei, defined by MSOME, were positively associated with improved fertilization rates and pregnancy outcome [19] . Further, they compared IMSI with classic IVF-ICSI, demonstrating the obvious advantage of the former treatment in improving pregnancy outcomes [13] . Furthermore, they examined the impact of the presence of a vacuole in the sperm head, as visualized by IMSI; vacuolated sperm exhibited significantly lower pregnancy rates per cycle and significantly higher abortion rates per pregnancy in comparison to normal sperm. Thus, microinjection of vacuolated sperm appears to reduce pregnancy rates and is associated with early abortion [15] . This study is only one of several reports examining sperm nuclei by IMSI, demonstrating the efficiency of selecting morphologically good sperm using this method. As yet, however, no reports have examined the midpiece in detail.
In bovine fertilization, the centrosome is paternally derived into the oocyte, and the sperm centrosome organizes the sperm aster, as in human fertilization [20] . However, bovine oocyte activation rates after conventional ICSI were very low [21] . Recently, high fertilization and embryo development rates have been reported using the piezo-ICSI procedure [22] . We employed this technique for a heterologous ICSI system with human sperm into bovine oocytes. We think that use of piezo-ICSI is the key to oocyte activated success. In fact, oocyte activation rates were 100% in each group.
According to our study, a subset of sperm have morphologically tapering midpieces visualized by high magnification microscopy; sperm aster formation rates using these sperm were low, despite good mobility by conventional microscopy (400 times). These sperm, which comprise approximately 12% of motile sperm, are difficult to identify by conventional microscopy. We propose that it is possible to exclude these sperm by observing under high magnification microscopy. In contrast, sperm with morphologically straight midpieces, as visualized by high magnification microscopy, displayed high sperm aster formation rates. These sperm comprise approximately 15% of motile sperm. The selection of sperm with straight midpieces by high magnification microscopy may contribute to improved sperm aster formation.
Further, we investigated the ultrastructure of sperm midpeice region by electron microscopy. As compared straight midpieces (Group A) to tapering midpieces (Group B), mitochondria disalignment and vacuole structures around midpieces were recognized in the latter. On the other hand, as far as we observed in electron microscopy, differences in centrosome structure were not observed. It was guessed that these disalignments of the organelles may lead to the sperm centrosomal dysfunction. However, it remains controversial why this difference in midpiece structure would affect sperm aster formation. Additional assessment is required to elucidate the relationship between midpiece morphology and centrosomal function.
In conclusion, this study demonstrates the possibility that sperm aster formation rates can be improved by selecting for midpiece morphology using high magnification microscopy. Fine morphological observation of the midpiece during ICSI may significantly influence to sperm centrosome function. Clinically, we often expensive the difficulty of oocyte collection. In such a case, we must improve the fertilization rate by any method. We would be able to guess the success of the fertilization phenomenon after ICSI from a form of the sperm midpiece to some extent. The injection of selected sperm with morphologically straight midpieces by IMSI may contribute to improve sperm centrosomal function, positively influencing fertilization rates after ICSI.
